BIOMASS AND BIOENERGY 70 (2OI4) 267-272 



ELSEVIER 


Available online at www.sciencedirect.com 

ScienceDirect 


http://www.elsevier.com/locate/biombioe 


BIOMASS & 
BIOENERGY 


i 


An investigation on the characteristics of cellulose 
nanocrystals from Pennisetum sinese 



CrossMark 


Qi-lin Lit , Li-rong Tang , Siqun Wang , Biao Huang a> , Yan-dan Chen , 
Xue-rong Chen 

a College of Material Engineering, Fujian Agriculture and Forestry University, Fuzhou 350002, China 
b Center for Renewable Carbon, The University of Tennessee, Knoxville, TN 37996-4570, USA 


ARTICLE INFO 


ABSTRACT 


Article history: 

Received 1 November 2013 
Received in revised form 
28 August 2014 
Accepted 14 September 2014 
Available online 1 October 2014 


Keywords: 

Pennisetum sinese 
Cellulose nanocrystals 
Preparation 
Characterization 
Characteristics 


The aim of this study was to explore the utilization of Pennisetum sinese as cellulose source 
for the preparation of cellulose nanocrystals (CNC). The cellulose was extracted from P. 
sinese by chemical treatment and bleaching, and obtained cellulose nanocrystals by acid 
hydrolysis. Transmission electron microscopy (TEM) showed that CNC were rod-like with 
the diameter of 20-30 nm and the length of 200-300 nm. Fourier transform infrared (FTIR) 
showed that chemical treatment removed most of the lignin and hemicellulose from P. 
sinese, and CNC had similar structure to that of native cellulose. The crystallinity indexes 
calculated from X-ray diffraction (XRD) for P. sinese and CNC were 40.6% and 77.3%, 
respectively. The zeta-potential analysis showed that CNC had higher stability than P. 
sinese had. The thermal stability was investigated by thermogravimetric analysis (TGA), 
and the result showed that P. sinese had higher thermal stability than that of prepared CNC. 

© 2014 Elsevier Ltd. All rights reserved. 


1. Introduction 

Cellulose, the most abundant renewable biomacromolecule 
available on the earth, is widely used because of its biode¬ 
gradability, biocompatibility and chemical stability [1]. Green 
plants developed to produce desired products and energy 
could be possible in the future [2]. The major source of cellu¬ 
lose is wood. However, with the increasing consumption of 
wood resources and deforestation, many environmental 
problems arose, therefore developing alternative sources of 
wood as the cellulose source is essential. Pennisetum sinese is a 
hybrid of Pennisetum purpureum and Pennisetum americanum, 
and it is a monocot C4 perennial grass. It is tall and forms in 
robust bamboo-like clumps. This species has high biomass 


production, at about 40 t ha -1 y _1 and can be harvested 3-4 
times per year. P. sinese is a versatile and adaptable plant. It 
can grow and even thrive in many weather conditions, lengths 
of growing seasons, soil types, and land conditions. The cel¬ 
lulose content of P. sinese is approximately 35%—50%, the fiber 
length is 1.48 mm and the fiber width is 30 pm. Therefore, the 
utilization of P. sinese as the primary source of cellulose is 
promising. 

Cellulose nanocrystals (CNC) are referred to as nano¬ 
crystals, nanoparticles, microcrystals, or nanofibers. CNC 
have special spectral characters and high surface area [3]. 
Recently, there has been a great deal of research interest in 
utilizing CNC as reinforcement in composite manufacturing, 
due to their low density, high strength, remarkable reinforcing 
capacity and environmental benefits [4]. 
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The main objective of this study was to investigate the 
viability of P. sinese as a renewable and low-cost source of cellu¬ 
lose source and extract cellulose nanocrystals from P. sinese. 
Cellulose, hemicellulose, lignin and ash contents of P. sinese were 
determined by chemical analysis. The morphology of separated 
CNC was investigated by transmission electron microscopy 
(TEM). The chemical structural changes were revealed by Fourier 
transform infrared spectroscopy (FTIR). The crystallinity index 
and thermal stability were investigated by X-ray diffraction (XRD) 
and thermogravimetric analysis (TGA), respectively. The elec¬ 
trochemical ability was revealed by zeta-potential analysis. 


2. Materials and methods 

2.1. Materials 

P. sinese was supplied by China National Engineering Research 
Center of JUNCAO Technology (Fuzhou, China). Sodium hy¬ 
droxide, sodium hypochlorite and sulfuric acid (Sinopharm 
Chemical Reagent Co., Ltd) were all of analytical grade. 

2.2. Cellulose extraction 

P. sinese was harvested in the field of Fuzhou in China's Fujian 

Province and the elevation was 600-1000 m (26.08N, 119.3E). 
The growth of P. sinese for two years was selected as the raw 
material to extract cellulose, and the cellulose was extracted 
from the stalks of P. sinese. We know that during the early years 
of growth, plant usually has a lower cellulose and a higher 
lignin content [5]. Therefore, two-year growing period P. sinese 
was selected as the raw material in our experiment. The har¬ 
vested P. sinese in the field was chopped to produce a size- 
reduced flowable material with forage harvesting equipment, 
and the processing size-reduced product was transported to 
the storage site. The size-reduced P. sinese was air dried until 
the mass fraction of water was less than 20%, which was to 
reduce the risk of detrimental biological activity. The dried 
sample was placed into polypropylene mesh bags to store. 
Cellulose was extracted from P. sinese by alkaline cooking 
method with alkaline hydroxide, and bleached with sodium 
hypochlorite [6]. Before the extraction of cellulose, the dried P. 
sinese was cut into cut into small pieces and then the pieces 
was milled and screened to select the fraction of particles that 
were beyond 40—60 mesh. The powders was first disintegrated 
with sodium hydroxide at 160 °C for 150 min, and the residues 
were allowed to cool and then washed with distilled water 
until the PH was up to 7.0. The residues were bleached with 
sodium hypochlorite for 2.0 h to further delignification. The 
solids were separated from the liquid phase by filtration and 
washed sequentially with distilled water to neuter. After the 
treatments of alkaline hydroxide and sodium hypochlorite, 
most lignin was removed and the cellulose was obtained. The 
extracted cellulose was dried and stored in a vacuum dryer as 
the raw material to prepare cellulose nanocrystals. 

2.3. Manufacture of cellulose nanocrystals 

2.0 g extracted P. sinese cellulose was hydrolyzed with 50% 
sulfuric acid at 65 °C under ultrasonic treatment at 250 W with 


continuous stirring. After 120 min, the cellulose suspension 
was diluted with distilled water to stop the hydrolysis and 
allowed to settle for several hours until the suspension was 
layered, and the clear top layer was decanted off, and then 
repeatedly washed with distilled water until it was not 
layered. CNC suspension was obtained after repeated centri¬ 
fugations. The neutral upper solution was collected and 
referred to as CNC colloid. After freeze drying, CNC powders 
were collected. 

2.4. Chemical analysis 

The chemical composition of P. sinese was investigated ac¬ 
cording to ASTM methods: Holocellulose (ASTM D 1104-56) [7], 
alpha-Cellulose (ASTM D 1103-60) [8], lignin (ASTM D 1106-56) 
[9], and ash content (ASTM D 1102-84) [10]. 

2.5. Transmission electron microscopy 

Transmission electron microscopy (Hitachi-H7650 TEM) was 
used to investigate the morphology of CNC. A drop of a diluted 
sample was deposited on a carbon coated grid and allowed to 
dry at room temperature. The acceleration voltage was 80 kV. 

2.6. Fourier transform infrared spectroscopy 

Fourier transformation infrared spectroscopy (FTIR) was per¬ 
formed by means of a Nicolet 380 FTIR Spectrometer (Thermo 
electron Instruments Co., Ltd., USA) in the range of 
4000—400 cm -1 with a resolution of 4 cm -1 . Each sample was 
grinded into powder and blended with KBr, then was pressed 
into thin pellet. 

2.7. X-ray analysis 

The crystallinity indexes of P. sinese, extracted P. sinese cellu¬ 
lose and CNC were determined by X-ray analysis. As for X-ray 
diffraction (XRD), data were collected with a X'Pert Pro MPD X- 
ray diffractometer equipped with Cu Ka radiation at wave¬ 
length A = 0.154 nm. Diffractograms were collected in the 
range of 2 6 = 6—90° with a scanning rate of 0.1° s -1 . 

2.8. Thermogravimetric analysis 

The thermal stability of extracted P. sinese cellulose and CNC 
were investigated by means of a thermogravimetric analyzer 
(NETZSCH STA449F3). All the measurements were performed 
under a nitrogen atmosphere with a gas flow of 30 cm 3 min -1 . 
Each sample was heated from 25 °C to 500 °C at a rate of 
10 K min -1 . The amount of sample for each measurement was 
about 5.0 mg. 

2.9. Zeta-potential analysis 

The electrochemical property of CNC was investigated by 
zeta-potential analysis. Potential charges on the surface of 
extracted P. sinese cellulose and CNC in pure water were 
determined with a SZP-06 Zetasizer. Extracted P. sinese cellu¬ 
lose and CNC suspension were previously ultrasonic treated 
for 30 min. 
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Fig. 1 - Photographs of (a) Pennisetum sinese; (b) extracted cellulose. 


3. Results and discussion 

Fig. 1 presents the photographs of P. sinese and extracted P. 
sinese cellulose. Visually, white colored cellulose was ob¬ 
tained, indicating that a great part of the initial non-cellulosic 
components were removed by purification process. Table 1 
shows the chemical composition of P. sinese. The results 
show that P. sinese enjoys higher mass fraction of cellulose, 
approximately (45.3 ± 2.2%), the lignin (20.9 ± 2.4%), the 
hemicellulose (20.5 ± 2.3%) and the ash (3.3 ± 0.3%), which 
indicates that cellulose is the predominant polysaccharide. 
The sum of the percentage of cellulose, lignin, hemicellulose 
and ash to the P. sinese corresponds to 90% of the total dry 
matter, showing that there are other components such as 
protein and extractives in the P. sinese. The alkali treatment 
can solubilize the lignin, pectins, hemicelluloses and proteins, 
while the bleaching was applied to remove the lignin residues. 

The chemical structure changes among P. sinese, extracted 
P. sinese cellulose and CNC were analyzed by FTIR spectros¬ 
copy. FTIR spectra of P. sinese, extracted P. sinese cellulose and 
CNC are shown in Fig. 2. The broad band at 3408 cm -1 corre¬ 
sponds to the stretching of —OH groups and the band at 
2901 cm -1 corresponds to the C—H stretching of methyl and 
methylene groups [11]. The band at 1733 cm -1 corresponds to 
the carbonyl groups due to the presence of acetyl ester and 
carbonyl aldehyde groups of hemicellulose and lignin [12]. 
This band disappears in the extracted P. sinese cellulose and 
CNC, which demonstrates the most removal of lignin and 
hemicellulose from P. sinese during the alkaline cooking. The 
bands at 1464 cm -1 and 1513 cm -1 in P. sinese correspond to 
the C—H deformation in methyl, methylene and methoxyl 
groups of lignin and aromatic C=C ring stretching [13,14]. 


Table 1 - The chemical composition of Pennisetum sinese. 

Materials 

Mass fraction (%) 

Cellulose 

45.3 ± 2.2 

Hemicellulose 

20.5 ± 2.3 

Lignin 

20.9 ± 2.4 

Ash 

3.3 ± 0.3 


These bands disappear in the extracted P. sinese cellulose and 
CNC due to the removal of lignin by bleached treatment with 
sodium hypochlorite [15]. The band at 1240 cm -1 corresponds 
to the —COO vibration of acetyl groups in hemicellulose [11]. 
This band disappears in the extracted P. sinese cellulose and 
CNC due to the most removal of hemicellulose during the 
chemical treatment. The small and sharp band at 895 cm -1 
corresponds to glycosidic — Ci—H deformation, with ring vi¬ 
bration contribution and —O—H bending vibration, which re¬ 
veals the typical structure of cellulose [16]. These characters 
are characteristic of (3-glycosidic linkages between the anhy- 
droglucose units in cellulose. FTIR spectra agree with the 
removal of lignin and hemicellulose during the cellulose 
extraction. Moreover, the infrared spectra also provide evi¬ 
dence that CNC have similar structure to that of native 
cellulose. 

The morphology of CNC was studied by means of trans¬ 
mission electron microscopy (TEM). Fig. 3 shows the 
morphology of CNC. It can be observed that CNC present rod¬ 
like shape with a diameter of 20—30 nm and a length of 
200-300 nm. The aspect ratio of the rods is high. Cellulose 
nanocrystals form an interconnected web-like structure. 

The X-ray diffractograms of P. sinese, extracted P. sinese 
cellulose and CNC are shown in Fig. 4. The diffractogram of P. 
sinese is indicative of a low crystallinity with relatively low 



Wavenumbers (cm ^) 

Fig. 2 - FTIR spectra of Pennisetum sinese , extracted 
cellulose and CNC. 
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Fig. 3 - Transmission electron microscope of CNC. 


intensity peaks at 26 = 15.7°, 22.67°. Three peaks were 
observed for the extracted P. sinese cellulose and CNC at 
26 = 15.7°, 22.67° and 34.5°. These peaks are characteristic of 
the crystal polymorphs of cellulosel [17]. The crystallinity in¬ 
dexes (CrI) of all samples can be calculated by Segal method 
[18] as shown in the following Equation: 

CrI = J 002 ~ W x jqq 

1()02 

where I 0 o 2 is the overall intensity of the peak at 26 about 22°, 
representing crystalline material, and I am is the intensity of 
the baseline at 26 about 18°, representing amorphous material. 
The crystallinity indexes of P. sinese, extracted P. sinese cellu¬ 
lose and CNC are 40.6%, 70.7% and 77.3%, respectively. The 
increase of crystallinity index from the extracted P. sinese 
cellulose to CNC is due to the acid hydrolysis, leading to the 
hydrolysis of amorphous regions and promoting the forma¬ 
tion of single crystal [19]. 

The average values of zeta-potential are shown in Table 2. 
Higher values of zeta-potential indicate higher capacity of 
dispersion in water, while low values indicate low dispersion 



Fig. 4 - X-ray diffraction patterns of Pennisetum sinese, 
extracted cellulose and CNC. 


Table 2 - Average values of the zeta-potential of the 
fibres under different conditions. 

Samples 

Zeta-potential (mv) 

Pennisetum sinese fibers 

-8 

Extracted cellulose fibers 

-16.7 

CNC (90 min) 

-23.8 

CNC (120 min) 

-28.8 

CNC (150 min) 

-20 


stability. As to P. sinese fibers, the capacity of dispersion in 
water is poor, which can be attributed to the presence of lignin 
and hemicellulose [20]. CNC present higher zeta-potential 
values because of sulfuric acid hydrolysis. Sulfuric acid hy¬ 
drolysis of cellulose induces the grafting of the sulfate groups, 
randomly distributed on the surface of CNC and leads to the 
creation of small particles with a large mean surface charge 
[21]. Due to the effect of electrostatic repulsion between the 
negatively charged particles, the CNC suspensions that 
neither precipitate nor flocculate. In a short period of time, the 
hydrolysis of cellulose could not happen effectively. It is 
known that insufficient hydrolysis of cellulose may result in 
large particles (less surface area per unit mass) with a lower 
mean surface charge, favoring particle—particle interaction 
and gelation 22]. As expected, increasing the hydrolysis time 
from 90 min to 120 min led to the increase of surface charges 
on CNC, consequently, increase the zeta-potential. The in¬ 
crease in hydrolysis time from 120 min to 150 min decreased 
the zeta-potential values of CNC. It was due to the over¬ 
degradation of cellulose. With excess hydrolysis time, cellu¬ 
lose was broken into its component sugar molecules and 
therefore the zeta-potential values decreased. The zeta-po¬ 
tential values in the present work are similar to previous 
report for Eucalyptus whiskers, which showed that increasing 
hydrolysis time led to increase of the sulfur content, but 
decrease of the zeta-potential of the whiskers [23]. 

Thermal stability of P. sinese and CNC were determined by 
the thermo gravimetric method. Fig. 5 shows the thermo¬ 
grams. The degradation onset temperature and corresponding 
degradation peak position obtained from DTG curves (Fig. 6) 
are shown in Table 3. As for all the samples, the first mass loss 
is below 100 °C, corresponding to the vaporization of bound 
water. As to P. sinese, the initial thermal decomposition occurs 



Fig. 5 - Thermograms Of Pennisetum sinese and CNC. 
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Fig. 6 - DTG curves of Pennisetum sinese and CNC. 


Table 3 - The degradation onset and peak temperatures 
of Pennisetum sinese and CNC. 


Materials Degradation onset Degradation peak 

temperature (°C) temperature (°C) 

Pennisetum sinese 257 345 

CNC 236 332 


at 257 °C until approximately 345 °C, corresponding to the 
degradation of hemicellulose [24]. The second stage occurs at 
345 °C until 450 °C, corresponding to the degradation of cel¬ 
lulose and lignin [25]. At this stage almost all cellulose 
component is decomposed. As for CNC, the thermal decom¬ 
position occurs at 236 °C until approximately 332 °C, indi¬ 
cating typical phenomenon of sulfuric acid-hydrolyzed 
cellulose nanocrystals [26]. The acid hydrolysis of cellulose 
introduces sulfate groups on the surface of CNC, leading to 
lower thermal stability [27]. The study shows that CNC sepa¬ 
rated from P. sinese have lower thermal stability than that of P. 
sinese. It may be due to the harsh chemical treatment of P. 
sinese during the preparation of CNC, which breaks the cellu¬ 
lose chains and decreases the degree of polymerization. 


4. Conclusions 

This study shows that P. sinese could be an excellent cellulose 
source for the preparation of cellulose nanocrystals. P. sinese 
enjoys higher mass fraction of cellulose, approximately 
(45.3 ± 2.2%). The characteristics of the prepared cellulose 
nanocrystals were investigated in the experiment, the results 
showed that chemical treatment removed most of the lignin 
and hemicellulose from P. sinese, and CNC had similar struc¬ 
ture to that of native cellulose. The crystallinity indexes 
calculated from XRD for P. sinese and CNC were 40.6% and 
77.3%, respectively. 
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